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The interaction between medium-weight nuclei and a strong zeptosecond laser pulse of MeV photons is
investigated theoretically. Due to the very fast nuclear equilibration, multiphoton absorption can occur. We
focus on the sudden regime of interaction where the photon absorption rate is so strong that it prevents complete
nuclear equilibration after each photon absorption process. The temporal dynamics of the process is investigated
by means of a set of master equations that account for dipole absorption and its counterpart stimulated dipole
emission, equilibration and neutron evaporation in a decay chain of nuclei. As a new aspect we keep track of the
nuclear equilibration by considering the particle-hole states and their interactions as photons are absorbed by the
forming compound nucleus. Our quantitative estimates predict the excitation path and range of nuclei reached by
neutron evaporation and provide relevant information for future experiments.
I. INTRODUCTION
The field of laser-nucleus reactions has been driven in recent
years by exciting experimental perspectives at petawatt laser
facilities [1]. Experimental, computational and theoretical ad-
vances in the production of high-energy laser pulses anticipate
that intense pulses with photon energy ~ω0 in the few MeV
range and with a typical energy spread σ in the 10 keV range
will become available in the near future [2–9]. Efforts are
presently undertaken in this direction at the Nuclear Pillar of
the Extreme Light Infrastructure under construction in Roma-
nia [10], and in the development of so-called Gamma Factories
at the Large Hadron Collider of CERN [11].
Theoretical predictions show that even without notable co-
herence properties, such MeV beams could bring the nuclear
photoexcitation rate close to MeV values similar to the spread-
ing widths of the Giant Dipole Resonance [12]. Gamma pho-
ton absorption leads to the excitation of single nucleons. This
process is in competition with the nuclear residual interac-
tion, which has no counterpart in atoms and has the tendency
to drive the system towards statistical equilibrium [13]. The
laser energy absorbed by single nucleons is thereby distributed
among all nucleons on a time scale governed by the so-called
nuclear spreading width Γ↓ [14]. The ratio between the ef-
fective dipole and the nuclear spreading widths determines
the regime of interaction. The perturbative regime, when the
photoexcitation rate remains very weak compared to the equili-
bration rate, was studied in Ref. [15, 16]. The quasiadiabatic
regime implies that the two rates are comparable. Studies of
this regime have considered that after each photon absorption
process, equilibration is reached [17, 18]. This in turn supports
the absorption of the next photon leading to multiphoton ex-
citation and to the formation of a compound nucleus, i.e., a
nucleus with many excited nucleons, which has just modest
values of angular momentum. These theoretical studies have
shown that multiple photon absorption may produce compound
nuclei in the so-far unexplored regime of several hundred MeV
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excitation energies [17, 18].
The purpose of this work is to investigate the remaining
regime of interaction, in which photoabsorption is faster than
equilibration. This marks the so-called sudden regime. With
equilibration no longer compensating photon absorption, the
energy absorbed by single nucleons does not have time to
distribute over all other nucleons. Absorption of a photon
leads to the formation of a so-called particle-hole pair, i.e., an
excited nucleon above the Fermi edge (the particle), and the
corresponding remaining hole below. An adequate theoreti-
cal treatment requires accounting for particle-hole pairs and
their creation and annihilation as the system keeps undergoing
multiple photoexcitation. Within the same class of m-particle-
m-hole pairs (mp-mh), equilibration is considered to occur
instantaneously. This in turn supports the absorption of the
next photon [12]. We keep track of the equilibration process
between different mp-mh classes.
Our approach is based on the master equation describing
the excitation and relaxation of the nucleus under the influence
of the external field provided by the laser. We consider three
types of competing processes: photoexcitation and the inverse
stimulated photon emission, equilibration and neutron evapora-
tion. Multiple absorption of coherent photons leads to nuclear
excitation far above yrast. Setting up the master equation re-
quires, therefore, the knowledge of the mp-mh level densities
ρ at high excitation energies and for large particle numbers A,
expressed in terms of the single-particle level density ρ1. A
reliable approximation for ρA in terms of ρ1 was worked out
in Refs. [19, 20].
We consider the interaction of a strong zeptosecond laser
pulse with a medium-weight nucleus with mass number A.
The photoabsorption rate is boosted by the number of photons
in the pulse for which we consider values of N = 108 such
that the effective dipole absorption rate reaches MeV values
[12]. The energy EL per photon is 5 MeV, and the duration
of the pulse is ~/σ where σ is of the order of several 10 keV
so that ~/σ ≈ 10−20 s. We investigate the temporal evolu-
tion of the nucleus during the laser pulse and afterwards, and
follow the chain of neutron evaporation towards proton-rich
nuclei. In particular, we are interested to understand the equi-
libration process, and compare the sudden and quasiadiabatic
regimes. It turns out that just as in the quasiadiabatic case, in
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2the absence of nucleon emission and fission, photon absorption
would saturate at an excitation energy where the widths for
absorption and for stimulated emission become equal. This is
given by the maximum of the total level density summed over
all particle-hole pair classes. The larger the effective dipole
absorption rate, the faster this saturation energy is reached.
Neutron evaporation takes over at an energy below the satura-
tion point. The combination of repeated neutron emission and
continued dipole absorption by the daughter nuclei then pro-
duces proton-rich nuclei far from the valley of stability. This
picture turns out to be qualitatively similar to the predictions
for the quasiadiabatic regime.
The paper is structured as follows. A qualitative description
of the expected processes and a definition of the sudden regime
are given in Sec. II. The master equation and the transition
rates are introduced in Sec. III. This section also addresses
the desities of accessible states for mp-mh classes. Numeri-
cal results follow in Sec. IV and the paper concludes with a
discussion in Sec. V.
II. GENERAL CONSIDERATIONS
We consider medium-weight nuclei with mass numbersA .
100 interacting with a MeV laser-like pulse. For photons in
the MeV range, the product of photon wave number k and
nuclear radius R obeys kR 1. Therefore, we consider only
dipole processes even though higher multipolarities might be
important for some nuclei at small excitation energies [21].
For N  1 photons in the laser pulse, dipole excitation is
governed by the effective dipole width Γ˜dip [12] which is
orders of magnitude larger than the standard nuclear dipole
width in the keV range. For Γ˜dip we use values varying in
the range 1 − 20 MeV. In the course of the reaction, up to
N0 ≈ 5 × 102 photons may be absorbed. We neglect the
resulting reduction of N in the expression of Γ˜dip.
The sudden regime implies that Γ˜dip  Γ↓, attributing the
residual nucleon-nucleon interaction less relevance. The value
of Γ↓ is known for low-lying modes with excitation energies
of up to ten or twenty MeV where Γ↓ is of order Γ↓ ≈ 5
MeV [22]. However, the condition Γ˜dip  Γ↓ would also
impede the multistep photon absorption process, since it is the
(even partial) nuclear equilibration that enhances the probabil-
ity that a next photon is absorbed. Also, if photoabsorption
is much faster than nuclear relaxation, the use of rate equa-
tions lacks a bona fide justification. Instead, one would have
to employ a much more demanding detailed modeling of the
interplay between photo-excitation and nuclear many-body ef-
fects [23]. Appropriate tools for that have yet to be developed.
An approximate treatment would consist in giving the nucleus
time to (partially) relax between any two photon-absorption
processes. The characteristic time scale for photon absorption
would then be set by the collision time τcoll, not by ~/Γ↓. That
suggests that in the sudden regime, nuclear excitation processes
are only quantitatively but not qualitatively different from the
ones in the quasi-adiabatic regime [18]. Our present findings
support this assertion.
Our theoretical description is related to the theory of precom-
pound reactions [24]. As mentioned in the Introduction, we
describe the process in terms of a set of time-dependent master
equations. In addition to dipole absorption, we take stimulated
dipole emission, equilibration and neutron evaporation into ac-
count. We neglect particle loss due to direct photon excitation
of particles (protons or neutrons) into continuum states. Thus
we confine ourselves to a chain of nuclei with equal proton
numbers. Ensuing limitations and possible corrections have
been addressed in Ref. [18] for the quasiadiabatic regime. The
relevance of these processes for the deep sudden regime is
briefly addressed in the concluding remarks of this paper in
Sec. V.
Equilibration is taken into account by coupling different mp-
mh classes at the same energy, while assumming that within
each class, all states attain equilibrium instantaneously. For
simplicity we consider only states with the same number of
particles and holes. Absorption of a photon generates a particle-
hole pair. Stimulated emission leads to the annihilation of a
particle hole pair. We will see that this picture might not always
be accurate, especially at high excitation energies where many
particle-hole pairs already exist. Neutron evaporation from a
mp-mh state in the parent nucleus leads to the appearance of a
daughter withmp-mh or (m−1)p-(m−1)h pairs and a shifted
Fermi level. We simplify the treatment of the problem by
disregarding spin altogether, which was justified in Ref. [18] by
the slow increase of the spin upon multiple photon absorption.
III. MASTER EQUATION
A. Basic Approach
With A the mass number of the target nucleus, we consider
a chain of (n + 1) nuclei with mass numbers A − i where
i = 0, 1, 2, . . . , n, with an arbitrary cutoff at i = n. In nu-
clei with even mass number A, the states with spin zero at
excitation energy between (k − 1/2)EL and (k + 1/2)EL are
grouped together and are jointly referred to as states (i, k).
Here EL is the photon energy and k = 1, 2, . . . the number
of absorbed photons. The group of states with excitation en-
ergies in the interval 0 ≤ E ≤ (1/2)EL is labeled (i, 0). We
keep track of the number of particle-hole pairs for each state at
energy index k. The number of mp-mh states is determined
by the level density ρm(A,E) of states with spin zero. For
odd A we proceed analogously. For simplicity and in order
to avoid the introduction of additional parameters we neglect
the even-odd staggering of the ground-state energies as well
as the spin-cutoff factor, and approximate the level density of
spin 1/2 states by interpolating between the values for the two
neighboring even A nuclei. In other words, we use the ex-
pression for ρm(A,E) valid for even A and given in Ref. [20]
indiscriminately for both even and odd A. We construct the
time-dependent master equation for the total occupation proba-
bility Pm(i, k, t) of these states as function of time t.
The equation takes into account three types of processes: (i)
dipole excitation and stimulated dipole emission by the MeV
laser pulse; (ii) equilibration between the different mp-mh
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FIG. 1: Transitions into state k in class m from neighboring states at
k − 1 and k + 1 in classes m− 1 and m+ 1, respectively, described
by the laser-nucleus interaction matrix elementWk′k;m′m(i, k). Here
F represents the Fermi edge and V the threshold energy of the single-
particle nuclear potential. The particles lie above (blue filled circles),
and the holes below (white full circles) the Fermi level.
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FIG. 2: Transitions into class m from neighboring classes m ±
1 described by the nucleon-nucleon interaction matrix element
Vm′m(i, k).
classes at constant energy and (iii) neutron evaporation pop-
ulating nucleus A − i − 1 at the expense of nucleus A − i.
Each of the three processes introduces terms in the master
equation. Processes (i) occur over the duration time 1/σ of
the laser pulse. The states (i, k) are fed by coherent dipole
excitation of the states (i, k − 1) and by stimulated dipole
emission of the states (i, k + 1), and they are depleted by
dipole absorption exciting the states (i, k + 1) and by stimu-
lated dipole emission to the states (i, k − 1). Using Fermi’s
golden rule we write the rates feeding the states (i, k) as
W 2k′k;m′m(i, k)ρm(i, k) with k
′ = k ± 1 and m′ = m ± 1.
Here W 2kk′;mm′(i, k
′) = W 2k′k;m′m(i, k) is the square of the
transition matrix element. We assume that each photon absorp-
tion is accompanied by the generation of a new particle-hole
pair, while stimulated photon emission annihilates it. Then, the
matrix elements are coupling the particle-hole space classes
with (m − 1)p-(m − 1)h, mp-mh and (m + 1)p-(m + 1)h
pairs as illustrated in Fig. 1.
At a given energy kEL, different p-h classes are coupled by
the residual interaction acting on behalf of the equilibration
process (ii). The rate at energy kEL and for nucleus i can be
written as V 2m′mρm(i, k), with V
2
mm′ = V
2
m′m the square of
the matrix element. Since the residual interaction is expected
to be determined predominantly by two-body collisions, in
our work we only consider interactions between neighboring
classes. This corresponds to m′ = m ± 1, as depicted in
Fig. 2. At constant energy, the class mp-mh can gain or loose
occupation probability due to feeding from or depletion to
classes (m− 1)p-(m− 1)h and (m+ 1)p-(m+ 1)h.
Finally, neutron decay (iii) depletes the states (i, k,m) at
the rate ΓN (i, k,m). Neutron decay of the states (i−1, k′,m′)
in the nucleus with mass number A + 1 − i feeds the states
(i, k,m) with the rate ΓN (i − 1, k′ → k,m′ → m). In the
following we considerm′ = m,m−1. The master equation for
the total occupation probability Pm(i, k, t) taking into account
processes (i), (ii) and (iii) then reads
P˙m(i, k, t) =
∑
m′=m±1
V 2m′m(i, k)ρm(i, k)Pm′(i, k, t)−
∑
m′=m±1
V 2mm′(i, k)ρm′(i, k)Pm(i, k, t)
+ Θ(1/σ − t)
∑
m′=m±1
{
W 2k−1k;m′m(i, k)ρm(i, k)Pm′(i, k − 1, t) +W 2k+1k;m′m(i, k)ρm(i, k)Pm′(i, k + 1, t)
− W 2kk+1;mm′(i, k + 1)ρm′(i, k + 1)Pm(i, k, t)−W 2kk−1;mm′(i, k − 1)ρm′(i, k − 1)Pm(i, k, t)
}
− ΓN(i, k,m)Pm(i, k, t) +
∑
k′
m′=m,m−1
ΓN(i− 1, k′ → k,m′ → m)Pm′(i− 1, k′, t) . (1)
Here, ~ = 1 and we have defined Pm(−1, k, t) = 0. The dot
denotes the time derivative, and Θ is the Heaviside function.
The initial condition is Pm(i, k, 0) = δi0δk0δm0. We require
that neutron emission does not take place from the nucleus
with mass numberA−n and set ΓN (n, k) = 0 for all k so that
nucleus (A− n) serves as a dump for the overall probability
flow. For i = 0, 1, . . . , n− 1 we have
ΓN (i, k,m) =
∑
k′m′
ΓN (i, k → k′,m′ → m) . (2)
Then Eq. (1) implies
∑
i,k,m P˙m(i, k, t) = 0, and conserves
total occupation probability.
We note that this equation is similar to the master equation
solved in the quasiadiabatic case [17, 18], with the difference
4that the first line of Eq. (1) was absent there, as were all indices
that keep track of the particle-hole pairs. Solving the master
equation for the sudden regime is numerically more involved.
Each matrix element calculated in Refs. [17, 18] becomes a
matrix of its own with indices (m,m′).
B. Transition Rates
Solving the master equation (1) in matrix form involves
the knowledge of the transition rates V 2mm′ , W
2
kk′;mm′ and
ΓN (i, k → k′,m→ m′). In the context of the quasiadiabatic
regime, the last two rates have been defined, calculated, and
discussed in Refs. [17, 18]. Here we discuss the remaining
equilibration rate V 2mm′ which is new for the sudden regime,
and present for completeness the photoabsorption and neutron
decay rates in the new context of particle-hole states. Since ~ =
1 we use the expressions “width” and “rate” interchangeably.
1. Equilibration rate
Equilibration occurs as a result of transitions coupling dif-
ferent particle-hole classes at constant energy. Hence the tran-
sition rate V 2mm′(i, k)ρm′(i, k) characterizes a process at the
same number k but between different m values. We consider
only processes that couple neighboring classes m′ = m± 1,
in accordance with the general assumption that the residual
interaction is dominated by two-body forces. We express the
equilibration rate with the help of the spreading width of the
Giant Dipole Resonance [14]. To this end we equate Γ↓m, the
average spreading width of states in class m, with a sum of
mean-squared matrix elements coupling states of class m with
states of neighboring classes m− 1 and m+ 1
Γ↓m(i, k) = 2pi
[
V 2mm−1(i, k)ρm−1(i, k)
+ V 2mm+1(i, k)ρm+1(i, k)
]
. (3)
The averaged squared matrix element for transitionm→ m+1
can be written as
V 2mm+1 =
1
2pi
Γ↓m→m+1
ρm+1(i, k)
, (4)
Assuming symmetry of the matrix elements (V 2m,m′ = V
2
m′,m)
we arrive at an expression for the rate of process m→ m− 1
V 2mm−1(i, k)ρm−1(i, k) =
1
2pi
Γ↓m−1→m
ρm−1(i, k)
ρm(i, k)
. (5)
We calculate the spreading widths according to the approach
presented in Ref. [14]. In the following derivations we omit
the dependence on number of absorbed photons k and nuclear
species i for brevity. We can write the total spreading width Γ↓m
for a certain mp-mh class as a sum of two spreading widths
corresponding to the annihilation and production of particle-
hole pairs, which both take part in the equilibration process
Γ↓m = Γ
↓
m→m−1 + Γ
↓
m→m+1 . (6)
We first address the average spreading width Γ↓m→m+1 cou-
pling states in classmwith states in classm+1. The spreading
width of a single exciton at energy ε (either a particle above
Fermi level or a hole below it) is expressed as twice the imagi-
nary part of the optical potential, 2W (ε). We take the latter to
be W (ε) = 0.003 ε2, where ε is measured in MeV [25]. The
average transition width for m→ m+ 1 is given by a sum of
the spreading widths of all the particles and holes in class m
Γ↓m→m+1 = 2m
V−F∫
0
Dp(m, ε)W (ε)dε
+ 2m
F∫
0
Dh(m, ε)W (ε)dε , (7)
where V is the threshold energy of the single-particle potential
and F is the Fermi level. The optical potential is averaged over
the following distributions of exciton energies,
Dp(m, ε) = Kp
ρ˜m−1,m(i, E − ε)
ρm(i, E)
,
Dh(m, ε) = Kh
ρ˜m,m−1(i, E − ε)
ρm(i, E)
(8)
for particles and for holes respectively. Here Kp and Kh are
normalization constants [14]. The density ρ˜p,h(i, E) corre-
sponds to the density of states with p particles, h holes (we
note that p 6= h in this expression) at the excitation energy
E. This distribution represents how probable it is to occupy
a single-particle state at energy ε when p− 1 particles (h− 1
holes) are distributed over single-particle states, such that the
system is at energy E − ε. Knowledge of the densities al-
lows us to calculate the partial spreading widths Γ↓m→m−1 and
Γ↓m→m+1 and finally the matrix elements V
2
mm+1 and V
2
mm−1.
2. Dipole Transitions
The effective dipole width for the ground state is given
by Γ˜dip and depends on the total number of photons in the
pulse and on its aperture [12]. The value of Γ˜dip serves as
an input parameter for our calculation and we consider val-
ues in the range 1 − 20 MeV. Following Ref. [18] we use
Γ˜dip = W
2
01;01(i, 1)ρ1(0, 1). Photon absorption of a com-
pound nucleus at excitation energy E = kEL and mp-mh
pairs is then governed by an effective absorption rate
W 2kk+1;mm+1(i, k + 1)ρm+1(i, k + 1)
= W 201;01(i, 1)ρacc,m+1(i, k + 1) (9)
where ρacc,m+1(i, k + 1) is the density of accessible states in
the (m+1)p-(m+1)h class. Assuming symmetry of the matrix
elements we can write a rate for dipole induced emission
W 2kk−1;mm−1(i, k − 1)ρm−1(i, k − 1)
= W 201;01(i, 1)ρacc,m(i, k)
ρm−1(i, k − 1)
ρm(i, k)
. (10)
5The rates for stimulated dipole emission width for the inverse
transition (i, k,m) → (i, k − 1,m − 1) are then given by
detailed balance.
3. Neutron Decay
The neutron evaporation rates are expressed via the Weis-
skopf estimate [18]
ΓN (i, k,m) =
1
2pi
∑
m′′
ρm′′(i, k)
×
(k+1/2)EL−(V−F )∫
0
dE ρm (i+ 1, E) , (11)
for the neutron decay rate depleting species i in class m at
energy kEL and
ΓN (i, k → k′,m→ m′) = (δmm
′ + δm−1m′)
2pi
∑
m′′
ρm′′(i, k)
×
(k′+1/2)EL∫
(k′−1/2)EL
dE ρm (i+ 1, E) , (12)
for the partial feeding of species i+ 1 into states in the energy
interval [k′ − 1/2, k′ + 1/2] in class m′ = m,m − 1. The
occupation probability of species i is transferred into a con-
tinuum of states up to the energy (k + 1/2)EL − (V − F ) in
class m of species i+ 1, where V − F is the energy needed to
escape the common potential. In Eq. (12) the lower bound is
zero for k′ = 0, and k′ is bounded by k′EL ≤ kEL − V + F .
We simplify the calculations by keeping V − F = 8 MeV
constant for all i = 0, 1, 2, . . . , n for the short nuclear chains
considered. We thereby neglect the odd-even staggering of
binding energies and level densities. These run in parallel and,
therefore, largely compensate each other in the neutron decay
widths.
4. Level densities
The level densities ρm(A,E) are calculated using the expres-
sions for the total level density of spin-zero states in nucleus
A as a function of excitation energy E derived in Ref. [20] as
functions of the single-particle level density ρ¯1(ε). In this work
we consider both a constant spacing for the numerical case of
A = 42 as well as a more realistic linear energy dependence
of ρ1 which should be valid for A = 100,
ρ¯
(1)
1 (ε) =
2A
F 2
ε . (13)
The single-particle energies εi with i = 1, 2, . . . are obtained
from the condition i =
∫ εi
0
dε′ ρ¯1(ε′). We have chosen
V = 45 MeV and F = 37 MeV and keep these values constant
throughout the neutron decay chain. These values also deter-
mine the chosen number of total bound single-particle states
[20], namely 148 for A = 100 for the linear single-particle
density dependence. For large numbers of nucleons the method
in Ref. [20] fails to properly describe the tails at small exci-
tation energies. In this region we use extrapolation. This is
done for a small part (approximately 10%) of the total relevant
spectrum.
The density ρacc,m(E) of accessible states is calculated
using the Fermi-gas model described in Ref. [20] and the same
choice of ρ¯1 as in Eq. (13). The general formalism has been
presented in Ref. [20]. Here we sketch the calculation of the
density of accessible states while keeping track of particle-hole
classes. We start from the Fermi distributions of the Fermi
gases of particles and holes at equilibrium,
nA−p,E1(ε) =
Θ(F − ε)
1 + exp{βE1ε+ αA−p,E1}
, (14)
np,E2(ε) =
Θ(ε− F )
1 + exp{βE2ε+ αp,E2}
. (15)
The first expression describes the A − p particles below the
Fermi level (the p holes) at energy E1. The second expression
describes the p particles above F at energy E2. The total
energy of the two gases is the sum of the particle and hole
energies and equals to the total energy of the nucleus, E =
E1 + E2. The parameters β, αA−p, αp are deduced from the
following conditions on numbers of particles and total energy
of the system
A− p =
F∫
0
dε nA−p,E1(ε)ρ¯1(ε) ,
p =
V∫
F
dε np,E2(ε)ρ¯1(ε) ,
E =
V∫
0
dε ε (np,E2(ε) + nA−p,E1(ε)) ρ¯1(ε) .
(16)
We consider a process which leads from a pp- ph state to a
(p+ 1)p-(p+ 1)h state upon absorption of a photon of energy
EL. In this case the energy of the incoming photon should
be large enough to excite a nucleon to a state above Fermi
level but not as large as to excite it into the continuum. Thus,
before absorbing a photon the yet to be excited particle under
the Fermi level should be on a single-particle level with energy
ε such that F − EL < ε < F .
In the considered processes the probability of finding an
occupied single-particle state at energy ε below Fermi level
in the system with energy E1 is nA−p,E1(ε). Respectively,
the probability of finding an unoccupied single-particle state
with energy ε+EL above Fermi level is (1−np,E2(ε+EL)).
Denoting the single-particle densities of states below and above
Fermi level as
ρ¯1,<(ε) = Θ(F − ε)ρ¯1(ε), ρ¯1,>(ε) = Θ(ε− F )ρ¯1(ε) ,
(17)
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FIG. 3: Density of accessible states for dipole absorption in the con-
stant spacing model as a function of excitation energy E. The used
parameters areA = 42 particles,B = 51, V = 45 MeV, F =
37 MeV and EL = 5 MeV. Colors correspond to different transi-
tions between particle-hole classes.
we can write the total density of accessible states as
ρacc,p(E) =
F∫
F−EL
dε nA−p,E1(ε)[1− np,E2(ε+ EL)]
× ρ¯1,<(ε)ρ¯1,>(ε+ EL) . (18)
The numerical results for the case of A = 42 particles,
B = 51 single-particle levels, and constant single-level spac-
ing with photon energy EL = 5 MeV are presented in Fig. 3.
The densities of accessible states are monotonically increasing
as a function of energy for all particle-hole classes and are
dropping for transitions between classes with higher particle-
hole number. We note that the present model does not consider
excitations within the same particle-hole class. Each pho-
ton absorption produces an additional particle-hole pair, and
no processes are considered where the photon energy is dis-
tributed among already existing particle-hole pairs. However,
such transitions would also contribute to the increase of total
excitation energy of the nucleus and might become important
at high excitation energies where many particle-hole pairs are
already available. Hence, this limitation lowers the efficiency
of bringing the system as a whole to high excitation energy.
The impact of this restriction will be later investigated when
comparing occupation probabilities between different regimes
of laser-nucleus interaction.
IV. NUMERICAL RESULTS
We calculate the time-dependent occupation probabilities
Pm(i, k, t) for two medium-weight target nuclei, with A = 42
and A = 100, that interact with a short pulse of MeV photons.
We solve Eq. (1) numerically for several choices of effective
dipole width Γ˜dip, and of the length (n+ 1) of the decay chain.
Eq. (1) is written in matrix form (including target and daughter
index i = 0, 1, . . . , n) as P˙ = MP where the elements of
vector-column P contain the occupation probabilities Pj =
ρ
−1/2
m (i, k)Pm(i, k, t). The index j depends on the nuclear
species i, number of absorbed photons k, and particle-hole
class m. The initial condition corresponds to the ground state
of the target nucleus. The matrix M is time-independent.
Its elements vary over 8 orders for nuclei with mass number
A = 42 and over 70 orders for nuclei with mass number
A = 100. Diagonalizing this matrix, therefore, poses a stiff
problem. The number of elements in our matrix ranges from
670 for A = 42 to ∼ 10000 for A = 100 per neutron decay
generation. Severe numerical problems arise which call for
an adequate choice of matrix exponential methors for solving
systems of extremely stiff differential equations [18]. We use
the Chebyshov rational approximation method (CRAM) which
is known for its success in solving burnup equations via matrix
exponential [26, 27].
A. Light medium-weight nuclei (A = 42)
We first test our numerical calculation on a simpler case of
smaller nucleon number and constant single-particle spacing
ρ¯1(ε) ≡ const = A/F for the level densities. For all the calcu-
lations in this case we use CRAM with partial fraction decom-
position and an approximation of order 16 [26]. We consider a
nucleus with mass number A = 42 and B = 51 single-particle
states. The occupation probabilities as a function of time and
excitation energy for a parent nucleus only in the absence of
neutron decay are presented in Fig. 4. We choose a laser pulse
duration τ = 200 zs, and effective dipole rate Γ˜dip = 5 MeV.
Throughout the process particle-hole classes up to 9p-9h are
populated, with the higher classes requiring a larger excitation
energy.
In order to better interpret the behaviour of the occupation
probabilities, Fig. 5 presents a cut in the contour spectra of
Fig. 4 at t = τ = 200 zs. For each particle-hole number class,
the occupation probabilities experience a maximum, which
indicates the energy at which the rates of dipole absorption
and stimulated dipole emission become equal. This marks the
regime of saturation and coincides with the maximum of the
particle-hole level density ρm(k). Once the maximum of the
level density for a particular mp-mh class is reached, stimu-
lated dipole emission overcomes dipole absorption and further
excitation becomes less probable. In the time-dependent pic-
ture in Fig. 4, saturation can be observed as the lack of further
increase in the excitation energy. Inspection of Fig. 4 shows
that classes 5p-5h and 6p-6h are closer to saturation (the oc-
cupation probabilities run parallel to the x-axis) before the
termination of the pulse at t = 200 zs than classes with higher
number of particle-hole pairs. We conclude that for different
classes saturation is achieved at different times, and the system
as a whole is saturated when the ‘slowest’ class is saturated.
The total occupation probability for the system as a whole
can be obtained by summing the individual occupation prob-
abilities for all particle-hole classes. The result is illustrated
in Fig. 6 and shows qualitatively the same features as the
quasiadiabatic results in Ref. [18]. Fig. 7 shows the target total
occupation probability P (0, kEL, t) =
∑
m Pm(0, kEL, t) in
the absence of neutron decay for photon energy EL = 5 MeV
and Γ˜dip =1, 5, 8 and 20 MeV. Depending on the effective
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FIG. 4: Contour plots of the time-dependent occupation probabilities
Pm(0, E, t) over the accessible particle-hole classes as a function of
excitation energy E for dipole absorption and stimulated emission
only. The relevant nuclear and laser parameters used are the mass
number A = 42 with constant spacing of the single-particle levels,
Γ˜dip = 5 MeV, τ = 200 zs and EL = 5 MeV.
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FIG. 5: A cut through the contour plots in Fig. 4 at the termination
of the laser pulse t = τ = 200 zs. The occupation probabilities are
presented here as a function of the number of absorbed photons k for
different particle-hole classes.
dipole width, the saturation energy Emax = 165 MeV where
stimulated emission limits photon absorption is reached by the
center of the distribution only at approx. 150 zs for Γ˜dip = 5
MeV (after approx. 75 zs for Γ˜dip = 20 MeV, respectively).
We now take account of neutron decay of the target and of
two consecutive daughter nuclei. We solve the master equation
for a chain of four nuclei with mass numbers ranging from A
to A−3. We disregard the neutron emission of the last nucleus
with mass numberA−3 which serves as a dump for the overall
probability flow. The dimensions of the matricesM are approx.
four times larger than for the parent nucleus only. In particular,
for photon energy EL = 5 MeV the matrix dimension for the
target nucleus is 670. This value can be reduced by exploting
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FIG. 6: Contour plots of the time-dependent occupation probabilities
summed over all the particle-hole classes as a function of excitation
energy E for dipole absorption and stimulated emission only. We use
the same nuclear and laser parameters as in Fig. 4.
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FIG. 7: Contour plots of the time-dependent occupation probabilities
summed over all the particle-hole classes as a function of excitation
energy E for different values of Γ˜dip. Here we consider a pulse
duration of τ = 100 zs. The nuclear parameters used are the same as
in Fig. 4 and EL = 5 MeV.
the matrix sparseness to 305. For the decay chain of target
and three daughter nuclei, the used sparse matrix dimension
is 1171. As an additional aspect we investigate the individual
contributions from decay into the same class m′ = m and into
the neighboring class m′ = m− 1. The two appear to be for
all practical purposes identical, such that the calculation can
be restricted to the case m′ = m.
Fig. 8 shows contour plots of the summed occupation proba-
bilities P (i, E, t) for i = 0 (target) and i = 1, 2, 3 (daughters).
The final (dump) nucleus in the chain undergoes only dipole
excitation and equilibration eventually reaching the saturation
energy. The occupation probabilities P (i, E, t) with i ≤ 2
8show that neutron emission comes into play early, slowing
down the excitation process starting with energies far below
the saturation point, i.e., below ≈ 100 MeV. As soon as the
neutron emission rates reach approximately 1020 s−1, daugh-
ter nuclei are produced within the tens of zs time span of the
laser pulse, strongly depleting the occupation probability of
the target nucleus. After 30 zs, the occupation probability of
the target nucleus practically vanishes, while the occupation
probabilities for nuclei with i = 2, 3 and even i = 4 are
significant.
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FIG. 8: Contour plots of the time-dependent occupation probabilities
summed over all the particle-hole classes as a function of excitation
energy E for target nucleus (Gen 0) and three generations of daughter
nuclei (Gen 1, 2, 3). The relevant nuclear and laser parameters used
are the mass number A = 42 with constant spacing of the single-
particle levels, Γ˜dip = 5 MeV, τ = 100 zs and EL = 5 MeV.
B. Medium-weight nuclei (A = 100)
We now turn to the more involved case of a nucleus with
A = 100 nucleons. For the level densities calculation we use
in this case the smooth single-particle density in Eq. (13) for
A = 100 nucleons distributed over B = 148 single-particle
states. The depth of the potential well V = 45 MeV. The
larger number of nucleons significantly increases the sizes of
the matrices used for the calculation. The target nucleus matrix
has dimension 5328 and is diagonalized using CRAM with
partial fraction decomposition and an approximation of order
16 [26]. The calculation involving 4 generations of nuclei
involves matrices of dimension 21088 after exploiting sparse-
ness properties. These larger matrices require a more advanced
CRAM with incomplete partial fractions and an approximation
of order 32 [27].
First we address the case of photoexcitation in the absence
of neutron evaporation. Particle-hole classes up to 48p-48h
can be reached for this medium-weight nucleus. We perform
calculations for four choices of effective dipole width Γ˜dip =1,
5, 8 and 20 MeV and pulse durations of 100 and 200 zs. We
focus in particular on the case of Γ˜dip = 5 MeV relevant
for a direct comparison with previously published results on
the quasi-adiabatic regime, and on Γ˜dip = 20 MeV which
reaches towards the sudden regime. For a better understanding
of the occupation probability behaviour, we first illustrate the
density of states for each fourth particle-hole class in Fig. 9 as
a function of the excitation energy. The densities for different
particle-hole classes are distributed under the envelope of the
total density, with its center at approx. 525 MeV. Low particle-
hole classes cover the low-energy part of the spectrum, while
classes with highm are determining its upper edge. The largest
densities occur for the middle classes around 30p-30h.
We now proceed to Figs. 10 and 11 that present the oc-
cupation probabilities as a function of time and excitation
energy. Compared to Fig. 4 we have intentionally increased the
scale for the illustration of the occupation probabilities from
[10−5 − 1] to [10−7 − 1] in order to present the population of
both low and high particle-hole classes simultaneously. At the
beginning of the pulse the occupation probability is concen-
trated mostly in the low particle-hole classes, then it transits to
the middle classes with numbers between 20 to 35 and towards
the end of the pulse the probability is concentrated in the high
particle-hole classes. This follows from the level density for
different particle-hole classes shown in Fig. 9. The classes
with small numbers of particle-hole pairs are concentrated at
low excitation energies and are populated on the first stages
of photoexcitation. The classes are spread across a significant
part of the range of the spectrum of the excitation energy, al-
most from the origin and reaching beyond its center. They are
occupied from the first stages of the photoexcitation process
and stay populated until the end of the laser pulse duration.
Finally, the classes with the highest particle-hole numbers are
absent at short times and are populated only later when the
photoexcitation had brought in enough energy to reach the
excitation energy domain where they exist. These classes are
poorly occupied. Inspecting the level densities ρm(kEL) in
Fig. 9 it becomes clear that the classes with high particle-hole
numbers reach their maximum at an energy higher than the
saturation energy and their level density is also lower than for
the middle classes. Starting from the 36p-36h class the max-
ima of the following higher classes significantly decrease. This
conclusion is more difficult to draw from the case of constant
spacing, cf. Fig. 4. There the level density for the highest class
9p-9h is not so much smaller than the level density for the
neighboring 8p-8h class which dominates all the other classes.
Figures 10 and 11 show that not all classes reach the sat-
uration regime and in consequence also the total occupation
probability summed over all the particle-hole classes is still in-
creasing as a function of time. The sum over all particle whole
classes P (0, kEL, t) =
∑
m Pm(0, kEL, t) is presented in
Fig. 12 for four choices of effective dipole width Γ˜dip and
τ = 100 zs. Comparing with the case of constant spacing
(Fig. 6) we notice that for the linear dependence of single-
particle level density the same laser pulse duration and effec-
tive dipole rate do not bring the nucleus to the same degree of
saturation. This is reasonable, because for the nucleus with
90 50 100 150 200
k
105
1012
1019
1026
1033
ρ
m
(k
)
mp-mh class
1
5
9
13
17
21
25
29
33
37
41
45
FIG. 9: Level densities ρm(k) for a medium-weight nucleus with
A = 100 as a function of the excitation energy given in number of
photons k. For illustration purposes we present the densities only for
every fourth particle-hole class.
A = 100 nucleons the energy required to reach the saturation
regime is greater than for the nucleus with A = 42 nucleons.
The maximum of the total level density for the nucleus with
mass number A = 100 is at around 525 MeV versus 165 MeV
for A = 42. Either a longer laser pulse duration or a greater
effective dipole rate are required to bring the heavier nucleus
to the saturation regime.
The comparison among the four graphs in Fig. 12 provides
a similar qualitative picture as the results for A = 42 in
Sec. IV A. The case for Γ˜dip = 20 MeV is much closer to
the saturation regime than Γ˜dip = 8 MeV and Γ˜dip = 5 MeV
while the case for Γ˜dip = 1 MeV is far from the satura-
tion regime. In comparing cases with different effective
dipole widths, an interesting quantity to follow is the total
excitation energy of the nucleus at time t during the pulse,
Etot(t) =
∑
m
∫
dE Pm(0, E, t). Especially at short times it
can quantify the speed with which consecutive photons from
the pulse are absorbed. With increasing excitation energy stim-
ulated emission becomes important and the total excitation
energy can no longer be used to estimate the interval between
succesive absorption of two photons ∆1t.
Figure 13 compares Etot and ∆1t as a function of time for
Γ˜dip = 5 MeV and Γ˜dip = 20 MeV. As expected, the higher
effective dipole rate increases significantly faster the total ex-
citation energy at short times. The time between successive
photon absorptions is shorter for Γ˜dip = 20 MeV and is more
likely to become competitive with the relaxation time required
for the system to reach equilibration after each photon absorp-
tion. Judging from the generic value of the spreading width for
medium-weight nuclei alone, the relaxation time ~/Γ↓ ' 0.13
zs. However, our calculations following Section III B 1 show
that this time depends on the energy and the particle-hole con-
figuration and is likely to lie in a range from less than 1 zs
to a few zs. In the following we use the case with Γ˜dip = 5
MeV for comparison with the quasi-adiabatic regime, while
Γ˜dip = 20 MeV is investigated as a possible candidate towards
the sudden regime.
The quasi-adiabatic regime was investigated in Ref. [18],
considering among others also the case of A = 100, linear
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FIG. 10: Contour plots of the time-dependent occupation probabilities
Pm(0, E, t) over the accessible particle-hole classes from 1p-1h to
24p-24h as a function of excitation energyE for dipole absorption and
stimulated emission only. The relevant nuclear and laser parameters
used are the mass number A = 100 with linear spacing of the single-
particle levels, Γ˜dip = 5 MeV, τ = 200 zs and EL = 5 MeV.
single-particle level spacing and Γ˜dip = 5 MeV. After each
photon absorption, sufficient time was assumed for nuclear
equilibration to take place, and the explicit interaction between
particle-hole classes was not considered. It is of interest to
compare our present occupation probabilities with these quasi-
adiabatic results [18]. To this end we compare our total occupa-
tion probabilities summed over the particle-hole classes for the
the case of Γ˜dip = 5 MeV and 100 zs pulse duration with nu-
merical results from Ref. [18] in Fig. 14. We show snapshots of
the occupation probability at four time instants, t = 2, 10, 40
and 100 zs. The results display good agreement for times at
the beginning of the laser pulse, t = 2 and 10 zs. The slight
differences here can be attributed to the different strategies
to calculate the tails of the level densities used here and in
Ref. [18]. At later times, our occupation probabilities remain
behind the quasi-adiabatic ones and display lower energies.
We believe that the reason for this feature is that in the
present calculation, each photon absorption is accompanied by
the generation of a particle-hole pair. This limitation does not
bring the system to high excitation energies as fast as in the
quasi-adiabatic case [18] where all the transitions into bound
states are implicitly taken into account. This feature is less
important at short times and low excitation energies, where it is
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FIG. 11: The same as Fig. 10 for particle-hole classes from 25p-25h
to 48p-48h.
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FIG. 12: Contour plots of the time-dependent occupation probabilities
summed over all particle-hole classes as a function of excitation
energy E for different values of Γ˜dip. Here we consider a pulse
duration of τ = 100 zs.
very likely that each photon absorption is indeed accompanied
by the production of a particle-hole pair. However, at higher
energies, when already many particle-hole pairs have already
been generated, the considered restriction slows down further
excitation.
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FIG. 13: Total excitation energy Etot (solid line, left vertical axis)
and approximate time interval between two photon absorptions ∆1t
(dashed line, right vertical axis) as a function of time for Γ˜dip =
5 MeV (blue) and Γ˜dip = 20 MeV (red). The inset zooms in the
interval of the first 20 zs for ∆1t.
The comparison with the results of the quasi-adiabatic
regime for the target nucleus appears to confirm our origi-
nal speculation that the differences between the two regimes
are rather quantitative than qualitative. However, we should
keep in mind that the case Γ˜dip = 5 MeV is more likely to
genuinely lie in the quasi-adiabatic regime, i.e., the regime in
which complete equilibration occurs between each photon ab-
sorption. We therefore focus in the following on the case with
Γ˜dip = 20 MeV which reaches towards the sudden regime.
Figures 15 and 16 present the occupation probabilities as a
function of time and excitation energy following Figs. 10 and
11 for the case with Γ˜dip = 5 MeV. A comparison between the
four figures reveals that, as expected, the stronger laser pulse
propagates the occupation probabilities faster towards higher
particle-hole classes. The low particle-hole classes are faster
depleted and the higher classes are stronger populated, up to
43p-43h which would not be populated yet at t = 100 zs for
Γ˜dip = 5 MeV.
We now proceed to include neutron evaporation considering
the target nucleus (Gen 0, A = 100) and three daughter nuclei
(Gen 1, 2 and 3 with A = 99, A = 98 and A = 97, respec-
tively). Also here we disregard the neutron emission of the last
nucleus with mass number A = 97 which serves as a dump for
the overall probability flow. The results for Γ˜dip = 5 MeV and
Γ˜dip = 20 MeV are presented in Figs. 17 and 18, respectively.
Since the relevant neutron evaporation decays take place within
the first few tens of zs, we consider a shorter pulse duration of
τ = 40 zs. Both figures show a qualitatively similar behaviour
to the quasi-adiabatic case. Neutron evaporation sets in at ener-
gies much lower than required for saturation, interrupting the
succession of photoabsorption events. In Fig. 17, already at
t = 20 zs the occupation probability of the target nucleus is
lost to higher generations. In turn, the occupation probability
of Gen 1 and Gen 2 is still significant. In comparison, for the
case of Γ˜dip = 20 MeV in Fig. 18 the target nucleus reaches
11
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FIG. 14: Total occupation probabilities summed over all particle-hole
classes (solid lines) compared with results from Ref. [18] for the
quasi-adiabatic regime (dashed lines) as a function of the number
of absorbed photons k at different time instants (t = 2, 10, 40, and
100 zs) throughout the laser pulse duration. The considered effective
dipole width is Γ˜dip = 5 MeV.
slightly higher energies and is completely depleted few zs ear-
lier than the case with Γ˜dip = 5 MeV. This trend can be further
observed for the daughter nuclei Gen 1 and Gen 2. We note
here the numerical artifacts appearing in the Gen 3 nucleus for
Γ˜dip = 20 MeV, leading to irregular fringes on the upper side
of the occupation probability. These features are unphysical
but also of little relevance for the last nucleus in the decay
chain which is chosen artificially as ‘dump’ for the probability
flow.
One may expect a qualitatively similar result for a chain
of neutron evaporation reactions for many generations expe-
riencing neutron evaporation. The loss of neutrons prevents
the target nucleus and its subsequent daughters from reach-
ing the saturation regime. With longer laser pulses, more and
more generations of daughter nuclei can be produced. Such a
scenario should result in proton-rich medium-weight nuclei at
high excitation energies. Ultimately the laser pulse parameters,
i.e., the pulse length, number of photons and aperture (which
enter the expression of the effective dipole width) would de-
termine the distribution of populations between the daughter
nuclei.
Quantitatively, the results presented in Fig. 17 show that
neutron decay occurs slower than in the quasi-adiabatic case
for the same effective dipole width Γ˜dip = 5 MeV, especially
for the target nucleus. This is at first sight surprising and
calls for further inspection in two directions. We have first
directly compared the corresponding neutron decay values
from Ref. [18] with the total decay values obtained summing
over all particle-hole classes in Eq. 11. Indeed it turns out that
the neutron widths used in Ref. [18] are larger than the ones
used in this work especially at low energies. The reason behind
is that the level densities tails up to an excitation energy of 65
MeV are calculated in Ref. [18] using the Bethe formula [28],
whereas in this work we use extrapolation. This leads to larger
densities up to E = 65 MeV and larger neutron evaporation
rates in Ref. [18]. This energy interval is most relevant for
the target nucleus and accounts for the faster depletion of the
target nucleus in the quasi-adiabatic case.
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FIG. 15: Contour plots of the time-dependent occupation probabilities
Pm(0, E, t) over the accessible particle-hole classes from 1p-1h to
24p-24h as a function of excitation energyE for dipole absorption and
stimulated emission only. The relevant nuclear and laser parameters
used are the mass number A = 100 with linear spacing of the single-
particle levels, Γ˜dip = 20 MeV, τ = 100 zs and EL = 5 MeV.
As a second aspect, we investigate whether the role of the
occupation probability distributions over particle-hole classes
plays an important role in the process of neutron evaporation.
We recall that in the quasi-adiabatic case, equilibration is con-
sidered to be very fast and it is assummed to occur between
each photon absorption. As a consequence, the initial con-
figuration for neutron evaporation is likely to be equilibrated,
i.e., the occupation probability over particle-hole classes is
distributed according to the values of the level densities (for an
illustration see Fig. 9). Towards the sudden regime, neutron
evaporation occurs from not yet equilibrated configurations. In
order to quantify the relevance of this difference we compare
the occupation probability distributions for the target nucleus at
three time instants ti = 5, 10 and 20 zs obtained in our calcu-
lation with corresponding equilibrated distributions at the same
total excitation energy Etot and the same energy range. Their
relative difference [P eqm (0, E, ti)−Pm(0, E, ti)]/P eqm (0, E, ti)
is presented in Fig. 19 as a function of excitation energy and
particle-hole class m for Γ˜dip = 5 and 20 MeV.
The results show that as a general feature, the occupation
probabilities Pm(0, E, t) deviate stronger from the equilibra-
tion case at shorter time instances (ti = 5 zs) and for the larger
effective dipole rate Γ˜dip = 20. Within the studied region in
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FIG. 16: The same as Fig. 15 for particle-hole classes from 25p-25h
to 48p-48h.
the space of excitation energy and particle-hole class, the equi-
librated and non-equilibrated case have the same occupation
probabilities on the diagonal line shown by the yellow color
coding in Fig. 19. This diagonal line lies close but lower than
the line defining the energies of the level density maxima of
the respective particle-hole class. Above this line and towards
higher excitation energies, the occupation probabilities of the
equilibrated particle-hole classes are larger than the ones of the
non-equilibrated, laser-driven ones. Correspondingly, below
this line and towards large particle-hole classes m, the non-
equilibrated occupation probabilities exceed the equilibrated
ones. This shows that photoabsorption has the tendency to
push the occupation probabilities towards larger particle-hole
numbers. We recall that each absorbed photon produces an
additional particle-hole pair. Inclusion of photoabsorption ex-
citing already available particle-hole pairs in the calculation
might bring the non-equilibrated and equilibrated occupation
probabilities closer together.
Finally, we have checked that for the quasi-adiabatic pa-
rameters with Γ˜dip = 5 MeV the faster neutron decay and
population of daughter nuclei are rather caused by the differ-
ence in neutron evaporation rates (which in turn come from the
different level densities used) and are less influenced by the ex-
act occupation probabilities distributions compared in Fig. 19.
For sudden regime parameters, which also show larger rela-
tive differences [P eqm (0, E, ti) − Pm(0, E, ti)]/P eqm (0, E, ti),
this aspect is more likely to play an important role. We may
therefore conclude that for Γ˜dip = 5 MeV, the present cal-
culation confirms the previous results in Ref. [18] that were
based on the quasi-adiabatic approximation of equilibration
after each photoabsorption event. Larger intensities and corre-
spondingly larger effective dipole widths of Γ˜dip = 20 MeV
or more are necessary to really enter the sudden regime. For
the processes considered here, the difference between the two
regimes appears to be more quantitative than qualitative.
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FIG. 17: Contour plots of the time-dependent occupation probabilities
summed over all particle-hole classes as a function of excitation
energy E for target nucleus (Gen 0) and three generations of daughter
nuclei (Gen 1, 2, 3). The relevant nuclear and laser parameters used
are the mass number A = 100 with linear spacing of the single-
particle levels, Γ˜dip = 5 MeV, τ = 40 zs and EL = 5 MeV.
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FIG. 18: The same as in Fig. 17 for Γ˜dip = 20 MeV.
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FIG. 19: Relative difference [P eqm (0, E, ti) −
Pm(0, E, ti)]/P
eq
m (0, E, ti) as a function of excitation energy
and particle-hole class m. We consider snapshots at ti = 5, 10 and
20 zs and effective dipole absorption rates Γ˜dip = 5 MeV and 20
MeV. See text for further explanations.
V. DISCUSSION
The sudden and the quasi-adiabatic regimes of laser-nucleus
interaction differ among themselves by the degree of equili-
bration that the compound nucleus reaches inbetween two suc-
cessive photoabsorption events. In the quasi-adiabatic regime,
equilibration is reached after each photoabsorption. This is
why particle-hole classes were not accounted for in the previ-
ous works on this interaction regime [17, 18]. Going towards
the sudden regime, complete equilibration is not expected to
occur after each photon absorption and consequently in this
work we include the explicit process of equilibration in our
master equation (1) describing the temporal evolution of the
laser-nucleus interaction. We note that Ref. [12] has shown
that multiple photon absorption has as prerequisite statistical
equilibration taking place in between absorption events. This
is why, while we do not expect complete equilibration to occur,
we rely on partial equilibration in between photon absorption
to observe multiple photoexcitation at all and also for our the-
oretical approach using rate equations to be valid. Within the
same particle-hole class, we consider equilibration to be instan-
taneous. Even for the largest effective dipole width Γ˜dip = 20
MeV considered here, some partial equilibration between dif-
ferent particle-hole classes occurs in between photoabsorption
processes. Our calculations including the evolution of occu-
pation probabilities over the particle-hole states are in good
agreement with the quasi-adiabatic results in Ref. [18] for the
case of effective dipole width Γ˜dip = 5 MeV. For higher effec-
tive dipole widths, our results towards the sudden regime are,
as expected, qualitatively similar to the quasi-adiabatic regime.
The results of Section IV are obtained under two restrictions.
First, we assume that each photoabsorption process is accom-
panied by the generation of a particle-hole pair. This approx-
imates well the small-energy part of the spectrum, but intro-
duces inaccuracies for high excitation energies where it is likely
that the photon energy can excite already existing particle-hole
pairs. We expect that correct inclusion of this process will shift
the occupation probabilities towards higher energies, eventu-
ally reaching faster the saturation energy. Second, we neglect
the direct emission of nucleons by photoabsorption into the
continuum. As shown in Ref. [17], such direct emission plays
only a minor role for nuclei around A = 100 but is competitive
with neutron decay for heavier nuclei. The effective charges
of neutrons and protons being nearly equal in magnitude, such
direct ‘photoionization’ is expected to produce neutrons and
protons in about equal numbers. As a consequence, photoab-
sorption populates highly excited states not only in the chain
of nuclei reached by neutron emission, but also in all nuclei
with mass numbers (A− i) that lie between the valley of sta-
bility and nuclei in that chain. For the deep sudden regime
which would very quickly produce many particle-hole pairs,
and for photon energies close to the threshold energy of approx.
8 MeV, this process would become relevant. Eventually, inclu-
sion of this process would be of great interest to investigate
the transition of a compound nucleus from a strongly bound
system to a set of independent particles in the sudden regime
of laser-nucleus interactions.
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